Abstract: Relative fission-yield measurements were made for 50 fission products from 25.6 ± 0.5 MeV α-induced fission of Th-232. Quantitative comparison of these experimentally measured yields with the evaluated fission yields from 14-MeV neutrons on U-235 demonstrates the application of the Bohr-independence hypothesis for measuring fission yields. As optimum particle-target configurations may be impossible or compromised at a given facility, this new approach, fission-proxy, allows the measurement of fission yields for a given compound nucleus from an alternate reaction pathway since formation and subsequent decay are independent processes.
Introduction
The total fission yield from a nuclear explosive event can be directly measured by radiochemical methods that are independent of fission-product cross sections, but require knowledge of the so-called bomb fraction of a sample (i. e. its fraction of the total debris field), as well as cumulative fission-product yields (the number of atoms of a nuclide produced both directly and through decay of its precursors, per 100 fissions). Additionally, cumulative fission yields can provide data related to the composition of the fuel of a nuclear source, which is important to post-detonation nuclear forensic analysis and assessment. Since fission products in a debris sample are likely convoluted from individual contributions of fission-yield distributions from multiple nuclear-fuel components, analysis of fission products with known cumulative fission yields allows deconvolution of the fission-product distributions. This result is termed the fission split [1] . Thus, the fidelity of a radiochemically measured total fission yield and subsequent calculation of the fission split from experimental data are limited by the accuracies of cumulative fission yields.
The direct measurements of cumulative fission yields with 14-MeV neutrons in traditional accelerator facilities are unavoidably accompanied by room-return (i. e. downscattered, low-energy) neutrons. In comparison to 14-MeV neutrons, these low-energy neutrons are more effective at inducing fission in fissile materials in comparison to 14-MeV neutrons due to the resonance levels in fission cross sections. As a result, the cumulative fission yields for fissile materials have the highest associated uncertainties for 14-MeV neutrons, compared to fission-spectrum and thermal neutrons, and compared to 14-MeV neutron fission yields from non-fissile materials [2, 3] .
This work describes a new approach for measuring 14-MeV neutron fission yields through a fission-proxy reaction method, without the use of neutrons. It is an indirect approach for creating the same compound nucleus and excitation as produced by the reaction of 14-MeV neutrons on fissile isotopes, and is based primarily on the Bohr-independence hypothesis established in the seminal paper on the mechanism of fission [4] . Also known as the compound-nucleus model, it states that the "only memory that the system (the compound nucleus undergoing fission) maintains is that of the constants of the motion: momentum, angular momentum, number of nucleons, parity, energy and isotopic spin" [5] . In other words, once the compound nucleus is formed, it proceeds to decay into its reaction products independent of the formation process.
In order to validate the fission-proxy method, detailed measurements of fission yields were performed from the 25.6-MeV, α-induced fission of Th-232. The resulting, excited compound nucleus (U-236*, E* = 20.6 MeV) is similar to that produced by 14-MeV neutrons on U-235. Initial calculations indicated a large degree of overlap in the angular-momentum distributions for this compound nucleus from both reactions, Figure 1 . It was therefore expected to undergo fission in the same manner, independent of production reaction pathway. The 14-MeV neutron fission yields for U-235 are well-characterized [3] , while for the fission-proxy reaction of Th-232 + 25.6-MeV α, the fission yields are not similarily known (e. g. no evaluated fission yields exist). The published fission yields for Th-232 are very limited [8] [9] [10] [11] [12] , with results derived prior to the major developments in high-resolution γ-ray detectors [13] . Given the inferior literature data for fission yields from the Th-232 parent nucleus, feasibility of the fissionproxy method for this actinide system required significant improvements and additions to the available fission-yield measurements.
This communication reports the results of α-induced, fission-yield measurements on Th-232 from irradiation experiments with the HVEC Model FN Van de Graaff accelerator at the Lawrence Livermore National Laboratory Center for Accelerator Mass Spectrometry (CAMS) facility [14] . These experimentally measured fission yields were then compared to the evaluated England and Rider [3] fission yields for 14-MeV neutrons on U-235 to assess the feasibility of this fission-proxy approach.
Experimental
Fission-yield measurements were performed following 27-MeV α-particle bombardment of a foil stack configuration (Al-Th-Al) [15] containing a natural thorium foil (100 % Th-232) and aluminum catcher foils to ensure the complete collection of recoil fission products. A thin thorium foil purchased from Goodfellow (99.5 % purity, 11 mg/cm 2 ) was used for all experiments along with ~5 mg/cm 2 aluminum catcher foils (Goodfellow, 99.999 % purity). The relative accelerator beam intensity was monitored during an irradiation for nuclide corrections related to decay during production. Areal densities of the foils were calculated from empirical areas and weights, assuming uniform thickness over the approximately 8 mm × 8 mm target area. Based on stopping-power tables generated through the SRIM module [16] , the α-particle energy through the thorium foil was calculated to be 25.6 ± 0.5 MeV with the uncertainty corresponding to the energy loss through the foil. However, it does not consider energy straggling through the foil stack or the energy resolution of the incident particle beam (<10 keV is a conservative estimate for Van-de-Graaff accelerators).
The final fission yields were compiled following three separate irradiation experiments. The first and second irradiations were performed for ~5.5 h of beam-on-target at a beam intensity of ~6 × 10 11 particles per second, following which the thorium targets were radiochemically processed for low-yield fission products (fission valley and wing nuclides). The third experiment with similar irradiation parameters, generated a thorium foil for direct non-destructive assay by γ-counting.
Irradiated foils and chemical fractions were counted on coaxial and planar HPGe detectors, with γ-ray spectral evaluation performed by the GAMANAL code [17] . Count-time corrections were necessary for the fission products with half-lives shorter than the live count times. When possible, decay-curve analysis was utilized to further ensure the validity of the fission-product measurement. The reported uncertainties of the measured fission yields (cumulative/independent/shielded) are one standard deviation and include counting statistics and uncertainties in the half-lives [18] and photon intensities [19] .
Results and discussion
The final data-set of measured relative fission yields incorporates 55 individual measurements over 50 different fission products for the Th-232 + 25.6-MeV α reaction [20] . Since fission yields are inherently relative measurements (i. e. absolute fission yield is relative to the total number of fissions), a more traditional method for expressing fission yields is relative to other fission products [2] . For quantitative comparison to the 14-MeV neutron fission yields from U-235 [3] , the empirical fission yields are converted to a ratio of ratios, the S-value: Hauser-Feshbach calculations [6] for U-235 + n and ALICE code calculations [7] for Th-232 + α.
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If the fission process from both systems follows the Bohr-independence hypothesis, the population distribution of the S-value from the 55 measurements should be centered on unity, as shown in Figure 2 .
Although this analysis provides some evidence of similar fission yields, it does not depict effects of the uncertainties of the experimental measurements and evaluated fission yields. The distribution of individual S-values is given in Figure 3 . The plot in the upper frame has been grouped for the type of fission yield and reveals that those furthest from unity are either shielded or isomer fission yields with large associated empirical uncertainties. The lower frame is grouped to show the uncertainties associated with the evaluated fission yields from U-235 + 14-MeV n. The fission-yield evaluations with S-values furthest from unity correspond to those with the largest uncertainties in the literature data. A reduced χ 2 of 1.4 (propagating threesigma uncertainties in measured data vs one-sigma evaluated uncertainties) is calculated for all 55 measurements in comparison to the U-235 literature evalution. If the most uncertain fission-yield measurements from the evaluation (i. e. those with >64 % uncertainties) are excluded from consideration, a similarly calculated reduced χ 2 of 0.84 is obtained for the remaining 49 fission-yield measurements. Lastly, a right-tailed probability of the χ 2 distribution computes a 77 % chance that the fission yields from Th-232 and those from U-235 are consistent with an equivalent process.
The statistical assessments of the measured S-values given above make it "likely" [21] that the fission-proxy approach outlined in this manuscript is valid for the measurement of 14-MeV neutron fission yields. Although remeasuring some fission yields (e. g. valley fission products, Pd/Ag/Cd, and the lightest/heaviest fission product, Zn/Tb) is necessary to address the few discrepancies, the measured fission-yield data-set as a whole clearly supports the soundness of the Bohr-independence hypothesis for the measurement of fission yields.
Conclusions
The experimentally measured fission yields from Th-232 irradiated with 25.6-MeV α particles, in conjunction with a detailed comparison to those from U-235 + 14-MeV n, presented sufficient evidence to support the application of the Bohr-independence hypothesis for formation of the excited U-236* compound nucleus by an alternate reaction pathway. This new fission-proxy approach may allow fission-yield measurements of more difficult-tostudy systems (e. g. U-237), where the unavailability of target material makes direct measurements via neutronbased experiments impossible.
